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ABSTRACT

Title of Thesis: Multi-Photon Conductivity in Semiconductors
and Measurement of Picosecond Pulse Width

Subramania Jayaraman, Doctor of Philosophy, 1972

Thesis directed by: Dr. C.H.Lee, Associate Professor of
Electrical Engineering Department

With the advent of intense sources of cocherent optical
radiation, in the form of Q-switched and mode-locked lasers, the
multi-photon conductivity in semiconductors is experimentally
feasible to study. In this thesis, we investigated the two-
photon conductivity in GaAs, Cd§5-8g5 and three-photon conducti-
vity in CdS using Q-switched and mode-locked Nd:@lass laser
pulses with a view to examine their suitability to measure
picosecond pulse width. The two-photon conductivity in GaAs
( low resistivity and high resistivity samples ) was studied
with Q-switched and mode-locked Nd:glass laser pulses. The
two-photon conductivity in GaAs was found to exhibit a square
law dependence on intensity over a very narrow region of laser
intensity and this was found consistent with the thickness of
the crystal and the measured two-photon absorption coefficient in

Gals. Then the square law region was used to measure the

picosecond pulse width and the two-photon conductivity correlation

pattern gave a contrast ratio of~{.8 and a half width of ~

8 - 10 psecs. Two-photon conductivity in CdS with the

575eg

use of mode-locked Nd:glass laser pulses displayed a square law

v
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region over a more dynamic range of incident laser intensities
and the photoconductivity correlation gave a contrast ratio

of v 2.4 and a half width ofw8 - 10 psecs. This larger
contrast ratio was attributed to the smaller two-photon absorption
coefficient and thickness of Cd§5-s?5 ( resulting in longer
square law region and improved resclution ). Finally, we
measured the three-photon conductivity in polycrystalline and
single crystal CdS and used it to measure the third order

auto correlation function of the intensity of the picosecond

pulses and hence estimate the pulse width.

The estimated two and three-photon absorption coefficients
in CdS5—Se5 and CdS from the measured photoconductivity agreed
well within an order of magnitude with the theoretically

calculated values from the known band structure and time

dependent perturbation theory.
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CHAPTER I

A. INTRODUCTION:

The development of pawerful sources of electromagnetic
radiation by means of Q-switched and mode-locked lasers had made

it possivle to observe a number of intensity dependent optical

interactions in matter which involve two or more photons., The

N e o

multi-photon absorption in condensed media with the use of intense

optical masers tan, in principle, be investigated either by photo-

T TP T A S

conductivity measurements or by observing fluorescence. The
measurement of photoconductivity is a more sensitive method and
So it can be used to study the multi-photon absorption in semi-

conductors and other crystalline media.

Any intrinsic semiconductor normally does not exhibit any

optical absorption capable of producing electron-hole pairs for

s Rt i

photon energies less than the forbidden energy gap. This is true

for the 1light intensities normally employed in conventional optical

absorption experiments. However, at high incident light intensities,
multi-photon absorption of light in semicoaductors leading to the
creation of non-equilibrium charge carriers can in principle occur.
This corresponds to the production of electron-hole pairs with
Simultaneous absorption of several photons, Semiconductors are a
convenlent medium for the investigation of such non-linear absorption
processes at optical wavelengths, since the forbidden gap 1s of

the order of a few electron volts as compared to the electronic

states of the atom which are Separated from the ground state




by several electron volts. This facilitates the experimental
investigation of the multiphoton processes with a fewer number

of quanta.

It is well known that a semiconductor shows appreciable
optical absorption for photon energies greater than the forbidden
gap Eg' This process is one-photon absorption and can be described
time dependent first order perturbation thetry in quantum mechanics.
If Kw<Egbut 2hw> Eg, the semiconductor will show some optical
absorption because of two-photon absorpltion and this process can
be calculated by second order perturbation theory. Similarly if
(n-1)Rw < Eqbut nkw > Eg, then there will be n-photon absorption
in the semiconductor which will be weaker and weaker as n increases
and can be predicted by n-th order terms in perturbation theory.

The two-photon absorption process in a semiconductor can be described
as follows; An electron is excited from an initial state ‘i’ ( Valence
band') to a final state 'f' ( Conduction band ) via a virtual
intermediate state'n' by absorbing two photons. In the case of
Three-photon absorption, the electron goes to the conduction band
via two intermediate ~irtual states. The mathematical description

of these processes will be given in the second chapter.

Multi-photon absorption processes exhibit several interesting
features as compared to one-photon process. These characteristic

features make multi-photon absorption processes worthy of use in

a number of applications.




1. In the case of one-photon absorption, the absorption coefficient
fo is a constant.

ﬁ flk.l for two~-photon absorption
I ™ 1™ for n-photon absorption.
g 2. The absorbed intensity & I , for one-photon abscrption

(-9 iy » for n=-photon absorption.
This power dependence can ve used to identify the order of the
absorption process. These non~linear dependences could be very
1 useful in optical electronics. The square law of two-photon
] abgsorption can be used to measure the second order intensity
correlation of tha-:laser pulses and thus provide one of the non-
linear optical methods of measuring the width of picosecond rulses.
Eh ) Similarly the higher order processes can be used to mesure the

higher order intensity correlations.

3. In the case of one~photon absorption, the light intensity

This is

decreaces very rapidly in the direction of propagation.

because of the large one-photon absorption coefficiernt and also

the intensity distribution inside the crystal follows an exponential

law. Therefore the large portion of the absorption occurs near

the surface. In the case of two-photon absorption, the light

intensity changes much' less rapidly, so the surface conditions are

As a result,the 2-photon measurement reveals the

not important.

properties of the bulk semiconductor. This advantage of two

photon absorption is used in tie optical pumping of semiconductor

lasers resulting in increased volume of coherent emission.

I 4. In atomic media, the one-photon absorption occurs only between

states of opposite parity, whereas the two-photon absorption is

allowed only between the states of same parity. This allows one




to probe excited states of the same parity as the ground state

by two-photon absorption. In the conventional optical absorption
spectroscopy, two-photon absorption complements one-photon
absorption. But in the case of semiconductors, except at k=0

all states are of mixed parity and so it is possible to produce
one-photon and two-photon processes by properly selecting the energy
of the photon. At k = 0, the initial and final states are usually

of opposite parity and normally two-photon absorption is forbidden.

So a study of multiphoton absorption in solids is richly

rewarding. Following is a brief review of what has been done

before.

B. REVIEW OF PREVIOUS WORK:

In the early days of ,quantum mechanics, Maria Goeppert—Mayer(n
calculated the two-photon transition probability in atomic media
using second order time dependent perturbati-~n theory. Her
prediction awaited the development of lasers and in 1961, was first
demonstrated by Kaiser and Garreé?o They focussed a Ruby laser
in Europium doped CaFQ, and observed a strong blue fluorescence
around 4250 A. The Eu** ion makes a transition from the 4f ground
state to an excited vibrational 5d state, This is followed by a
non-radiative transition to a metastable state. Then fluorescence
occurs in the transition from this to the ground state. Its

intensity was found to be proportional to the square of the laser

intensity.

3
Abellé) has observed two-photon absorption from a Ruby laser

beam in Cesium vapour, The GS&-9D% transition occurs between states




Sl LR -

of same parity and is not observed in the linear absorption spectrum.,

The two-photon excited pholocurrent was studied extensively by

(4)

Hasegawa and Yoshimura

(5}

6
R.Braunstein™ and Braunstein and Ockmané) gtudied for the

in anthracene crystals using a ruby laser.

first time two~-photon absorption in a semiconductor , CdsS. The
two-piaoton excited emission in CdS using a ruby laser was intensively
investigatad by them. Cadwmium Sulphide has an energy gap ( Eg: 2.5eV)

.nd the ruby laser has a photon energy fiw = 1.78 eV, They excited

electrons frem the valence band tothe conduction band by two-photon
‘beorpiicn and subsequently studied the recombination radiation

from the exciton and impurity levels as a function of laser intensity
ard ~ompared to the emission excited by single quanta absorption

for vhotons of energy fiwDE . It was found that the intensity

g
ol recomiination radiation was proportional to Ig for singie quanta

vzeita tion and Ign for two-quanta excitation where I, is the

0
;i ’ axcitation intensity and n is a constant which differs for different

sroups of emission lines. They also developed a theory based on

2nd order time dependent perturbation theory and band structure
-1

i of CdS. The two-photon absorption coefficient was 2. 10-4cm

for the laser flux of 6 .1022 photons/cmz/sec.
(7),®)

N.G.Basov et. al. reported the observation of laser action

Ll in GaAs and other semiconductors at 77°K as a result of two-photon

q
Y excitation by a Nd;glass laser beam. S.Wang and C.C.Chané)reported

the emission at room temperature of coherent radiation from Zn$S

excited by a Q-switched ruby laser through the two-photon absorption

processe.
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V.S.Dneprovskii et.ag? investigated the two-photon
conductivity of 2ZnS, €ds and Cdsx-Se1_x crystals using a ruby
laser, B.V.Zubov et.afp studied the two-photon absorption in
Germanium using a Q-switched CaF2: Dy2+ laser by observing the
recombination radiation. B.M.Ashkinadze et.af?gobserved the
two-phbtoh conductivity in CdS excited by giant pulses from a
ruby laser and determined the cross section for two-photon

13
absorption, N.A.Goryunova et.af.)investigated two=photon

conductivity in a crystal CdSnP2 at 77 K using a Nd:glass laser.
(!

Two-photon conductivity in ZnS and Cds were studied by A.Gingolani4>

and by S.,Rafi Ahmad and D.Walshqs)

Two-photon absorption had been investigated by many more

authors in various crystals like GaSgQﬁZZCde-Se1_S8{ Most of
these studies indicated a square law dependence on the excitation
intensity, Two-photon absorption was usefully employed to shape
the Qmswitched pulses. R.K.Chang et.ol’ ‘emd Lisit,syﬁz'%nserted
two=photon absorbing semiconductors in the cavity of a Q-switched
laser to obtain shaped elongated pulses. They demonstrated that
laser pulses of controllable duration cauld be got by using non-li-

linear absorbers inside the cavity.

The three-photon absorption in CdS was studied with the

22
use of Nd:glass laser only recently. B.M.Ashkinadze et.af{ /

detected the luminescence emitted by €dS at 77°K excited by a
Nd:glass laser, They detected the recombination radiation at

5200° A after three~-photon absorption and found that.the luminescent

3.4

intensity depended on the excitation intensity as Ilum= Al

e e .
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They used a focussed Q-switched laser beam to get higher intensitics.

£

Arsenev et.a used the three-photon absorption process in CdS
using a mo de locked Nd:glass laser to estimate the picosecond
pulsewidth from a measurement of the decay of the luminescence

along the length of the crystal.

Higher order absorption processes have been investigated
) ) ) (24) %@
in some of the alkali halide crystals. I.M.Catalano et.al. reported
four-photon conductivity in KI, five-photon conductivity in KC1

and NaCl using a Q-switched ruby laser.

Most of these experimertal investigations were done with
Q-switched pulses. With the availability of mode-locked Nd:glass

2 without

lasers, it is possible to produce upto a few gegawatts/cm
focussing. The pulsewidths are of the order of a few picoseconds
and so the measurement of photoconductivity is a transient one

and one can estimate the number of non-equilibrium carriers produced
exactly. All the recombination times are slow compared to the
generation time. Such a study of the interaction of picosecond
pulses with semiconductors will throw more light on the behaviour

of the non-equilibrium charge carriers in a very short time scale,
The multi-photon processes can be studied with e:=se hecause of the
high peak power associated with these ultra short pulses. Another

advantage ¢f using these short pulses is the higher damage threshtold

because of their short time duration.
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C. AIM OF THE PRESENT EXPERIMENT:

In the present study, we chose to investigate the multi-
photon conductivity 1n semiconductors using a Nd:glass laser
with a view to examine their suitability to measure picosecond
pulsewidth. Since two-photon conductivity in GaAs, Cde-Sel_x
and three-photon conductivity in CdS were not extensively studied
before, we undertook to investigate these processes using Q-switched
and mode-locke Nd:glass laser pulses, In the following thesis,
we present an investigation of two-photon conductivity in GaAs,
Cd§5-S?5 crystals and three-photon conductivity in CdS and the
use of these processes to measure intensity correlations of

second and third order of the picosecond pulses of the Nd:glass

laser and hence estimate the pulsewidth,

The theory for multi-photon absorption and multi-photon
conductivity in semiconductors is given in Chapter 2 and will
be compared in a later chapter with our experimental investigation.
A brief account of picosecond pulsewidth estimation using second
and third order intensity correlations is also given., The design
of experiments and the description of the leser used are given

in Crapter 3. Chapter 4 gives a detailed discussion of the

results obtained in the current investigation.
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CHAPTER 2 - ¥
THEORY

INTRODUCTION:

Gallium Arsenide is a direct band gap semiconductor
whose forbidden energv gap is 1.41 ev at room temperature.
The photon energy of t'.e Nd:glass laser is 1.17 ev, So it
is possible to excite the electrons from the valence band to
the conduction band by the absorption of two photons simultaneously.
Cde-Se1_x is a II-VI semiconductor with a fobidden energy gap
at k =0, The magnitude of the energy gap varies with the
composition x. For x =0.5, the energy gap corresponds to y 2ev.
As such one can study the non-equilibrium charge carriers produced
by simultaneous absorption of two photons, In a single photon
abcorption process, the absorption coefficient is independent of
the intensity of light. For the case where the charge carriers
are generated by the two-photon absorption, tne absorption
coefficient is linearly dependent on the light intensity.
For Cadmium Sulphide (CdS), the band gap occurs at k=0 and= 2.4%ev,
The absorrtion ccefficient in such process will be proportional
to the square of the intensity cf light as we shall see presently.
The two and three-photon abgorption coefficients can be calculated
using time dependent perturbation theory and the appropriate

band structure for these crystals,

In this chapter, we will outline the derivation of two
and three-photon absorption coefficients. These expressions

will be used to calculate the generation rate of non-equilibrium
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carriers and subsequently a formula for multi-photon conductivity | B
will be derived. These theoretival expressions will be used

to compare with our experimental observations. Finally, the

theory of picosecond pulse width measurement using two-photon

and three-photon absorption is given.

IWO~PHOTON ABSORPTION COEFFICIENT:

Q)
Maria Goppert Mayer first used second order time dependent

perturbation theory to calculate the two-photon transition rate
in atomic media. Braunstein and Ockmann@”gave a similar
caleulation for semiconductors. They derived an expression for
the transition rate for two-photon absorption using an initial
valence band, a final conduction band and an intermediate

virtual conduction band different from the final one. They

did not include the initial valence band and the final conduction
band z¢ intermediate states. Obviously their derivation is

not applicable to semiconductors for the following reason.

The conduction band and valence ba. d at k =0 are having definite
rarity as 8 and p levels of the atom. So two-photon absorption
is forbidden at k = 0. However at k different from zero, the
energy levels are of mixed parity and so the dipole matrix elements
between t:ese levels are non-vanishing. Basov et al(.e)de'rived
the two-photon transition probability taking into account the
contributions made by considering the valence band and the
conduction band as intermediate states. We will give only an

outline of the derivation and the details are relegated to the {3

appendix 1.
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i

The Hamiltonian for an electromagnetic field interacting

with the valence electrons in a semiconductor is given by

T e} )

_.Eyl V(Y _Q_A-,Q
)-(_.zm+ )+mcb

T g N S A SRR

of
3

-

L where ;F—-4-V(n is the unperturbed Hamiltonian in the absence of

e.m.field and 91113 the interaction Hamiltorian and can be

considered as a perturbation. The solution of the unperturbed

Hamiltonian gives the band structure of the material. We will

g TS P Ty

assume that the bands are parabolic and that the two-photon %
transition occurs near k = 0 so that we can use the band structure
(26)

derived from Kane's theory The transition rate per unit volume

for two-photon absorption is given by ( see appendix 1 )

W, _A’/T 3 Hen H ni 6 €,-E, —zﬁtu)
V2 Co'llT)3 d’k § En—(E + 7t )] (‘

=~ where H{ﬁ(“f—a $a|“>

We will consider the valence band and the conduction bard as
the initial and final states (i,f). The intermediate state n
{7 can be either the final conduction band or the initial valence
band. The higher conduction bands and the deeper valence bands
are far away and the square of the energy denominator correspondingly

increases and so the contributions from these bands can be

144 neglected. The band structure of GaAs is shown in Fi;sure 1.

-1- W QT d3h [ Hee HCG( Heoe Hp ]216( 2

e b e— = —— — - (4 - . ~2%uw
' V .ﬁ- (&W)a "’T ) 1 \_k = - EC EU (t)

- i=1,2,3 for three valence bands.
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BAND STRUCTURE CF Ga As
C - conduction band , V,53 -valence bands.
272

Eg - forbidden gap A - split off band width.

Energy measured w.r.t. the top of valence bands Vyand V, .
E9 =141 ev ; A = 0.33 ev (at 300'k) ,

Q L2 [ 3 - »
Effective masses m, » My My, , My, = 0:72 M,

0.68 My, 0.085MmM, , 0.25Mm, m, - electron rest mass.

>

FIGURE 1
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The matrix clements can be evaluated using the Bloch wave

functions
.; 7
L .
4" = . U0 e
c,R (T2
Where 6 is the band index j
k is the momentum vector.
[
hd - U
_ eh (3.R) p(k. -k
e A = N\ 3(R. -k .‘
Hee = Ck bc_-06> (e = ker)
m* C
¢
-——v
__eA ("Thu o{)é( o= Ror)
Hoo = m, C
f\" = A X , where A is the magnitude cf the vector potential of the

e.m.field and o is the polarisation vector,

| | \ X
= + E-E, = E,+ TR
» ' m¥ c” . _
™eo, ¢ o7 ‘ : 2Me g,
Z /2. AZ
and the intensity IF &
gme

Putting all these expressions into Eq.(3) and integrating , we

get

15 4 {
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The two-photon absorption coefficient ng) Is defined as

K& = atw (%))

Taking into account the degeneracy of the bands due to spin,

e e iy

' T[ we get 2

' ] 4 ﬁ.‘7 Iy 3/
1 N K(z) L «l-} e | ( P)cuc‘ M*ct: G‘KW—E?> * I 0)
! " | ¢ € 2 (k w)d m?

where i = 1,2,3 for three valence bands.

The two-photon absorption coefficient is thus seen to be

proportional to the first power of the intensity. Now knowing

the bard structure and the values of the effective masses,we can

F calculate the absorption coefficient. The two-photon absorption

coefficient for GaAs and CdS 5-Se 5 was calculated using this

formula and is shown in Appendix 2 and 3.

THECRY CF THREE-PHOTON ABSORPTION:

For C4S, we require an expression for the three-photon
absorption coefficient. We have to use the third order time

_ dependent perturbation theory. We use the same two band model

. as we used in the derivation of K(2). The Hamiltonian H is

il given by
' i
I i X = H°+-H'+ H
, 2,
- where He = %n + VIY)
- e R
L "= £ BA  and B = ;2__2
I me amC

—

-t

= sos

P L T R TR YL b W P T R
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In the previous derivation, we omitted H"since H\contributes to
two-photon process as a first order term and the matrix elenent

vanishes because of orthogonality of the wave functions of the 8

e B i o )

initial and the final states. But in the third order process,

]
- HI contributes through a seccnd order term.

We get for the trarsition probability per unit volume as

shown in appendix 4 ,

w
-—\f': _'ﬁ—@ﬂ)3f

&
H n"m Hm
"’ZZ_ tn B : ]6(E‘—EL'—5#W>
(Em 2Hw) (Epp— Fw)

Using Bloch wave functions we can write the matrix elements.

The dipole matrix elements are the same as before.

' = <nlg2n FY 25

. 2
(kY (Cm k) = <Cn,Rs| oy AF | Com, kD
2 =

A A

-
—

/
] e
a"*s.hr 5Cn,':m am (3
" Omitting the photon momentum 4o be small as before and taking

the initial valence band and the final conduction band as virtual

intermediate states, we get

o WC

T \% ﬁ Gzrr)3

fd% 8 (E - By, -3Fuw) |W,
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Where

\ | |
Wcu = HCO___HUU + H'CICH‘CU -+ Hew Hee Heo
-2Hhw 2hw (Eco=2hw) (B, ~Fw)

1 | ]
+ HeoHypyHyo + H|cu H‘wc H‘cu H\cc H,cu H'U”
(-2 Hw) (- w) CARWEY~Fuw)  (Ery-2bw) (~Hw)

Substituting the matrix elements in P v We find the first

two terms to cancel out to zero and we are left with the four
terms containing the dipole matrix elements,

2 2
s
where e =y il + -
» m¥ g,

After integration (see appendix 4 ) , we get an expression

for !& as

| 2
We o oSt ) e 1
Y, (-A‘w)' ‘/2. m2
2.
(o]

x {% (ru-gg2— 2.8

(-

I (3fu- Ea) L ?n% e Ea) J

where Bo = <°-Z B >CU

Taking into account spin degeneracy and the definition of

three-photon absorption coefficient as

K@ _ 3fhw (Wefy)
= — ,
we get 3 y >
3 _ V2 -2 _e_"_] 1) By 2
kP = 342224l Fof & (5" 8 1

m2

[ (Bhw E3>/2’.. .2 Bo [N(jﬁw Ea)/z+[|' Bo ﬁ" (q-ﬁ-w Es\ ‘J(Z)

The calculation of the absorption coefficient in the case of

Cds is shown in Appendix 5.

T Ry e
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Theory of Multi-photon Conductivitys

Once we know the absorption coefficient, we can calculate
the seneration rate of carriers in the crystal. The intensit:
distribution along the length of the crystal for multi-photon

absorption follows a differential equation
dI e
dx ~ P
wiere n denotes the order of absorption and
-1 n
B.. o = K( y ~ absorption coefficient.

Integrating, we ret

I
I =] ) —--- (3)
2x R
[H- (n-08 1, :z]
The generation rate of non-equilibrium charge carriers F(x)
is given by
n
Fa = b 1s
nrRw
n
= B" I°
“““ (#)

nfw  lem-n8 107" x] e

The concentration of the generated carriers under steady state

conditions obey the following differential equation.

2 x*

where p is the concentration of non-equilibrium charge carriers

2
Dbap -—% :—F(].)

and]% is the diffusion constant and T is the life time of the

il S e
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(29,30, 31)
carrier. Jick H.Yee solved this equation b the method

of variation of parameters ( see Appendix 6 ) and used the

solution to calculate the photoconductivity AG as
L 4
c .
8G = [ [ a (rpsty) bCw) dydx (5
o ©

The final formula for steady state n-photon conductivity is

as follows

(n) ' ]
A G = a I — g I
o L [1+h-n B I, 'L]nT

— AL L
« ¥ By i JLENe 2 . [ Cosh AE-0 dx

n
hHFw [(A+ Vs)—(/\-Vs)e—Mj 0 [,+ -0 B I:-l x]n-u .- (8)

!

where o = § & (ot M) D, A L

In the case of GaAs, the diffusion length (1/A) is very short
of the order of 10™%em and ALS>1, ( 10%X.03 = 300 ) , the

formula for two-photon conductivity becomes for n=2,

2
AG@)z X . BISL - (@)

This expression holds good for steady state conductivity and

in an experiment with Q=-switched laser pulses, the pulses are
long compared to the steady state life time of the carriers and
so we are in short measuring the steady state photoconductivity.
This happened to be the case with GaAs since the photo-
conductivity life time was found to be short compared to the

Q-switched pulse duration. For %I,L <1, AG(Z) ol Ig
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w -~y — hpmne—re—

& indicating the two-photon nature of the absorption process,

In the case of mode-locked pulse excitation, non-

equilibrium charge carriers are produced within an interval

i determined by the pulsewidth and normally the lifetime of the
" carriers is long compared to the picosecond pulsewidth and

SO0 we are measuring the transient photoconductivity. In the
case of crystals like CdS.S-Se.5 and CdS, the electron life
time is of the order of a few microseconds o1 more and so we
will be measuring the transient photoconductivity whether we
use Q-switched or mode-locked pulse excitation. So we will

presently calculate the multi~-photon conductivity for a

transient process.

Multi-photon conductivity for short pulse excitation:

If a short pulse is incident on tlie crystal, the
concentration of carriers gererated at a point 'x' due to

multi-photon absorption is given by
1 Pax)y = F@) &
Com
ii =} é’\ Io . t-‘:
n
h-| i
B (Y )-R by L

where ti is the pulse width.

Then AG,(")can be calculated using the expression (5 )

AGT ¢

a ye Io' r
SV (Mt bg) e t, dx .
ntw 514 (n-) B, I 2R

—_— =3

R B e )




o om U e gt U G AN . e 8

Al G Kb O il s et

20

™) a t: Io | — ! e B
A G\ = E— ‘V (Pvp"' Mé) L nEw [ {‘."Q_‘)ﬁnr:\_'[—}n-l} (-)

This agrees with the Jick Yee's formula if we neglect the
second term and replace ¥ the electron life time by the pulse

width ti 5 is before for a two-photon process,

2
AG@:%GJ(%.;W;) B To” L 2 @)
I+ B IoL  2kw

For a three-photon process,

Ee Io[_ L - (10)
- | (|+.2.1331§'L)l"'

@ &yt ).
AG\ = —C— (PNC P) 3tw

When ,3313'1_ 4 1,

(3) - a q/ ,\N + tb ISL - - - (")
267 = 2V (Merhy) Thw O
@) 3 . .. .
AG "o I, indicating the three-photon nature of the absorp-

2
tion process. The formula for AG( )and AGfa)will be used
in a later chapter to estimate the values of the two-photon
and three-photon absorption coefficients from the measured

photoconductivity.
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Theory of picosecond pulsewidth measurement:( k

The square law and cube law dependence of photoconductivity
can be used to measure the second and third order intensity

correlation of the picosecond pulses and hence to estimate the

Lt e

33,34,67) {36,68)
pulsewidth. So far only fluorescencé *“and harmonic measurements
have been done. From a multi-photon photoconductor, the output

we get is an electronic signal and so if the photoconductivity
method is successful, we could construct an electronic detector
for the measurement of picosecond pulsewidth. The theory behind

higher order intensity correlation measurement is given below.

Second order correlation:

The typical arrangement for the two-photon technique for
the display of picosecond pulses is shown in Fig. 2. Carriers
are produced in the crystal by simultaneously absorbing two photons
at the fundamental laser frequency from the resulting light field
of the superposition of the two beams. The resulting light beam
is represented by a field E.(t) given by

E.(t) = E(t) + E(t+?)

where E(t) is the incident light field in one direction and
% = 2nZ/c is the delay time between the two signals, and 2z is
the path difference between the two beams. The output from the
crystal can be measured and is an average value of CAG) of the
photoconductivity, averaged in time and space over several optical } E

wavelengths. Now,
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FIGURE 2: ARRANGEMENT FOR TWO-~PHOTON CORRELATION




LaG> = <VE® v® Vi Vo > - - (12)

where V (t) is the analytic signal associated with the real
field Er(t). The, quantum mechanical probability 'P' for Two-
photon absorption is given by

P =~ T~r ( /’aj'af aa)

where P is the density matrix describing the light field. In the
classical limit, Wycorresponds to the creation operator aTand‘VYt)
to the annihilation operatora. (12) is proportional to (13) in

the classical 1limit.

Vy(t) = Vb)) + V(t+?)

let Vo = V() and V, = V(t+).

Then the observed conductivity at a certain position is expressed

{BGD> () = (V+Y) (v+ Vo) (VA V) (Vi+ V)
= 2 VvVEVID + 4 vy, vie S

A (VI Ve Y (VY vt ) D

+ KVVEVVE Vi vty >

The first two terms are proportional to the intensity correlation
(37)
functions 0(2)’ also known as Glauber's second order correlation

functions. The last two terms describe interference effects
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giving spatial variations proportional to Cos (w,%) and Cos(2wye),

where @y is the mean center frequency of the light fleld. Due to

the slow response of the crystal, these variations are averaged i
out to zero. The normalised photoconductivity is now expressed j

2
by the intensity correlation function G°(%) of the field.

2 G + 4 G*@)

{AGHE@) = :
G*© :
Ve Ve @) VEE) VIE+ ) >
G\ZCC’) = <
L VE) VL) VIE+Y) VEE+D) D
& > refers to a time average or an ensemble average. If only a

time averaging is considered, then

I¢) = vv”®
- -2 Y
Gr@) = (I) f IE) Te+2) de
-0

where I is the mean intensity.

At the peak of the pulse, ¥ = O,

_ A6+ 4G
/\A G‘> peak - "y 9@ -6
G“0)
{46y _ 2 6*0+ 4 G*e)
background G 2’(0)
AG 2
Contrast Ratio 'R!' = < >peak |- 3G~

<AG\> background G:z'(o)-g- 262(7.’)




For a bandwidth limited short pulse ( T ==AY-1) i.e. in the case

of a perfectly mode-locked beam,

{AG, = 6
2

G°(0) = O at delay times%’»m"i

due to the vanishing intensity.

"o <AG‘> = 2.
(A
Contrast Ratio = 3,

f we scan the region near the perfect overlap of the
pulses, we can map the correlation function as a function of ?.
The two-photon conductivity can be measured as a function of .
This should give a peak at the overlap point (=0) and this peak
must be, according to theory, three times higher than the background.
The halfwidth of the correlation curve gives a measure of the
pulsewidth. Similar structure of the correlation curve is exhibited
by Q-switched or a free running laser but with a reduced contrast
ratio of 1.5 . Care must be exercised to interpret the results
of these measurements. However if one observes the mode-locking of
the laser beam in a fast oscllloscope, one can easily eliminate

the possibility of reduced contrast ratio due to Q-switching or

free running of the laser.

Third Order Correlation:

If we use a three-photon absorber instead of the two-photon
absorber, we can measure the autocorrelation function of third

order, As before, the three-photon conductivity can be
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measured as a function of . Then the observed photoconductivity

at certain position is expressed as

T T T N T R ————

86> () = VAV (V4 V) (V4 va) (VA4 v PIVHVE) (v vE)

e o

This corresponds to the three-photon absorption prehability

PP~ ® (Patatataaa) "’

As before, we can éxpress the normalised photoconductivity in terms

(32
of Glauber's third order correlation functions.

After a straight
forward algebraic simplification,

2 6.0 + 463 + 963@)

3 \
A G ) =
< & Gl

~\~3 p° -
Where 61: ) = (I) f Ity IN(L-Y.\.@) de
—0d

where 1 1s the mean intensity,

At the peak of the pulse,>= 0 , 80 <AG1> peak = 20

At a point far away from the overlap (ie) Y551 /ay G3(’t) = 10,
s0{A G k)ackground = 1ar

€]
'l Therefore, Contrast Ratio - <AG >p = 10

<AG‘(3)>

Therefore the third order correlation measurement will give

a larger contrast ratio and so it can be easily measured. Q-switched
or free running laser should give a contrast ratio of 2.54‘2nd so

in a measurement of plcosecond pulsewidth using the third order
process one can easily differentiate the Q-switched pulse from

the mode-locked pulse since there is g factor of 4 in contrast




ratios unlike & factor of 1.5 in the case of measurement with

a two-photon process.

In chapter 4, we will be diescussing the correlation measure-

ments using two-photon conductivity in GaAs and CdS 5-Se 5 and

using the three-photon conductivity in (Cds. Once we demonstrate

in principle the picosecond pulsewidth measurement using multi-photon
conductivity in semiconductors, the construction of an electronic
multichannel detector using a layered thin film semiconductor

structure may become feasible in the near future.

- o S i R Bl
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CHAPTER 3

Design of Experiments:

|

In this thesis, we present an experimental investi-

gation of two-phoion conductivity in GaAs using Q-switched :
and mode-locked Nd:glass laser. We also studied two-photon
conductivity in CdS S-Se 5 and three-photon conductivity in |
CdS using only mode-locked laser . The present chapter gives g

|

a brief account of the laser used and the design of experiments.
To facilitate understanding of the correlation meas rements
using these non-linear photoconductors, we will give a brief

account of the mode~locking the laser,

The Neodymium Glass Laser:

In the Neodymium glass laser, the Nd3+ ion is present
as an impurity atom in glass. The energy levels involved
in the laser transition in a typical glass are shown in
Fig. 3. The glass rod is usually pumped by a coaxial Xenon
flash lamp. The Nd:glass has a wide absorption band in the

ultraviolet and in the visible region. After absorption

of the wide band light from the flash lamp, the system relaxes
to the excited state ( upper lasing level ) 4Fif The laser
emission accurs at a wavelength of 1.059 pm and the lower
level 1s 1950 cm"1 above the ground state. We have here a
four level laser, since the thermal population of the lower
laser level is negligible. The fluorescent linewidth is

-1 &
around 100 cm 1() This rather large inhomogeneous linewidth




T Ve S

L ]

- =

4'11/2

29

11 540 cm™!

11390

- e e o e

1.0'59wn

2260

]
| 1950

490

140
0

ENERGY LEVEL DIAGRAM FOR Nd3+ ION IN GLASS

FIGURE 3

BN A S e €Y S

S
S T




AP g W A W WU -

is due to the amorphous structure of glass, which causes different
Nd3+ lons to see slightly different surroundings. Different ions
Consequently radiate at slightly different frequencies, causing

a broadening of the Spontanebus emission spectrum. This large f
linewidth is advantageously utilised in the mode-locking of

lasers as we shall see presently. :

The laser used in the present investigation was a Korad :

KI-system with a Nd:glass rod having a Brewster-Brewster configuration

to avoid reflection losses. The laser rod was of diameter 0.5"
and length g" : Two dielectric mirrors ( 99.9 % and 65%
reflectivities ) form<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>